Abstract: Non-sterilized seeds of 12 Egyptain cotton (Gossypium barbadense L.) genotypes were examined for qualitative and quantitative estimates of seed-borne fungi. Rhizopus stolonifer (39.7%), Aspergillus niger (33.5%), and Penicillium sp. (23.3%) were the most predominant fungi isolated from the seeds. Other fungi occurred at frequencies that ranged from 0.3 to 17.7%. Gas-liquid chromatography (GLC) analysis of fatty acid composition of the seeds revealed the presence of the following fatty acids: caproic, caprylic, capric, lauric, myristic, palmitic, margaric, stearic, oleic, linoleic, and linolenic. The total mean percentage of the monounsaturated fatty acids was 59.11%, while that of the unsaturated fatty acids was 16.72%. Isolation frequencies of Alternaria alternata, A. flavus, A. niger were not significantly correlated with the content of any fatty acid. Isolation frequencies of the other fungi were significantly correlated with the content of 1-2 fatty acids. Cladosporium sp. was a notable exception because its isolation frequency was significantly correlated with the content of caproic (r = 0.926, p < 0.01), caprylic (r = 0.638, p < 0.05), palmitic (r = -0.586, p < 0.05), and linoleic acid (r = 0.917, p < 0.01). It was possible to group the isolated fungi into 5 distinct categories based on their sensitivity to the fatty acids (the magnitude of R 2 values). The results of the present investigation suggest that certain fatty acids regulate the colonization of cottonseed by fungi, and that the control of these fungi may be possible by modifying the fatty acid content of the seed.
INTRODUCTION
The economic value of cottonseed is greatly influenced by the presence of fungi in the seed. Fungi or associated metabolites may reduce seed vigour (HALLOIN & BOURLAND 1981; DAvIS 1982) and increase the amount of free fatty acids in the seed, thereby reducing the quality of the oil (RONcADORI et al. 1971) , or produce mycotoxins that render the seed unsuitable for consumption (DIENER et al. 1976) .
Under Egyptian conditions, the fungi involved in cottonseed deterioration include Alternaria spp., Aspergillus spp., Cephalosporium spp., Cladosporium spp., Curvularia spp., Fusarium moniliforme, F. oxysporum, F. semitectum, F. solani, Helmenthosporium spp., Nigrospora spp., Pythium spp., Rhizoctonia spp., Trichothecium spp., Epicoccum spp., Penicillium spp., Chaetomium spp., Diplodia gossypii, Rhizopus spp., and others (EL-HELALY et al.1966; WAKED et al. 1981; AMER 1986; MO-HAMED-HODA et al. 1999) .
Cottonseed oil contains higher proportions of saturated fatty acids (24.6%) than soybean oil (14.7%), and canola oil (6.1%) (SALUNKHE et al. 1992) . Fatty acids, ubiquitous in nature, play a crucial role in life processes. The acids are involved in cell energy storage, membrane structure, and various signalling pathways. In addition, fatty acids in animal fat, plant oil, and other sources are an important part of human nutrition (LIU et al. 2008) .
A number of fatty acids have been shown to inhibit or stimulate the growth and sporulation of pathogenic fungi in plants. For example, laboratory tests showed that active fractions from cottonseed extract (cv. Acala SJ-2), containing unsaturated fatty acids, induced high levels of germination in Pythium ultimum isolate P4, whereas several saturated analogues did not (RUTTLEDgE & NELSON 1997) . cALvO et al. (1999) found sporogenic effects of polyunsaturated fatty acids on the development of Aspergillus spp. HARMAN et al. (1980) found that palmitic acid stimulated germination of conidiospores of Fusarium solani f. sp. pisi, in addition to oleic and linoleic acids, while stearic and linolenic acids were ineffective. Mycelial growth of Rhizoctonia solani and P. ultimum in agar culture was significantly reduced by lauric acid at concentrations of 100 µM and above, while no fungal growth occurred in liquid culture at concentrations above 50 µM (WALTERS et al. 2003) . The effects of linolenic, linoleic, erucic, and oleic acids on the growth of the plant-pathogenic fungi R. solani, P. ultimum, Pyrenophora avenae, and Crinipellis perniciosa were examined in vitro by WALTERS et al. (2004) . The antifungal activities of 9 fatty acids (butyric, caproic, caprylic, capric, lauric, myristic, palmitic, oleic, and linoleic) against 4 phytopathogenic fungi: Alternaria solani, Colletotrichum lagenarium, Fusarium oxysporum f. sp. cucumerinum, and F. oxysporum f. sp. lycopersici, were assessed by measuring mycelial growth and spore germination via Petri dish assay (LIU et al. 2008) . Except for oleic acid, the fatty acids tested were observed to inhibit mycelial growth of one or more tested fungi. In addition to the suppression of mycelial growth, butyric, caproic, caprylic, capric, lauric, and palmitic acid showed an inhibitory effect on spore germination, and the extent of inhibition varied with both the type of fatty acids and the fungal species. In particular, capric acid displayed a strong inhibitory effect against C. lagenarium. The saturated fatty acids, e.g. palmitic acid, showed stronger antifungal activity than the unsaturated fatty acids, e.g. oleic acid.
Fatty acids have also been shown to be correlated with resistance or susceptibility to plant diseases. Pinus sylvestris seed, containing more unsaturated fatty acids and a large amount of erucic acid, were more resistant to damping-off fungi (gRZYWAcZ & ROSOcHAcKA 1977) . The oleic and linolenic acid content in the cotyledons of cotton were correlated with Fusarium wilt resistance, with significant differences in fatty acid content existing between wilt-resistant and susceptible varieties. Oleic acid content of cotyledons, which is positively correlated with wilt resistance, was the highest in the resistant variety 52-128 (59.5%), while linolenic acid content in cotyledons, which is negatively correlated with wilt resistance, was the lowest in variety 52-128 (18%) (gUO et al.1991) . Lauric acid at concentrations ranging from 250 to 1000 µM, applied to barley leaves (before or after inoculation with Blumeria graminis f. sp. hordei), has led to significant reductions in infection rate (WALTERS et al. 2003) . Colonization of soybean seed by Cercospora kikuchii was positively correlated with the oleic:linoleic ratio (r = 0.55, p < 0.03) and oleic acid content (r = 0.61, p < 0.02), and negatively correlated with linoleic (r = -0.60, p < 0.02) and linolenic (r = -0.58, p < 0.03) acid content (XUE et al. 2008) .
Little is known about the constituents of cottonseed that affect its susceptibility to fungi. However, one report has demonstrated that dormant cottonseed contains proteins capable of inhibiting the activity of proteolytic enzymes of the pathogen Verticillium dahliae (MEZHLUM-YAN et al. 1994) . The considerable body of work with fatty acids has provided convincing evidence that fatty acids may play an important role in regulating the interaction of fungi with cottonseed. Therefore, the main objective of the present study was to evaluate the role of fatty acids in determining the level of cottonseed colonization by fungi. An understanding of such a potential role could lead to a better of control the seed-borne fungi, which devalue cottonseed.
MATERIALS AND METHODS

Fungal profiles of cotton genotypes
Random samples of Egyptian cotton (Gossypium barbadense L.) genotypes were obtained from the Cotton Research Institute, Agricultural Research Center, Giza, Egypt. A random subsample of 100 seeds of each genotype was used for isolation. Occurrence of seed-borne fungi was determined by the standard blotter method (ISTA 1993) . Ten non-sterilized seeds for each genotype, selected at random, were placed on 3 layers of damp 9-cm Whatman No. 1 filter paper in Petri dishes, and each was replicated 10 times. The plates were incubated in 12-h photoperiod (cool white light) at 20±2 o C for 7 days. After incubation, each colony was examined macroscopically or microscopically for identification to genus or species level according to gIL- MAN (1966) , BOOTH (1971 ), or BARNETT & HUNTER (1979 . Isolation frequency of each fungus was expressed as the percentage of seeds from which the fungus grew. If more than one fungus grew from the same seed, each was counted.
Analysis of seed fatty acid composition
Fatty acids were separated from the lipid fraction of the seed samples (FARAg et al. 1986 ) and converted to methyl esters by using ethereal solution of diazomethane. Next, 10 mg of fatty acids were dissolved in 0.5 ml of anhydrous diethyl ether, and methylated by drop-wise addition of diazomethane solution until the appearance of yellow colour (vOgEL 1975) . The mixture was then left at room temperature for 15 min, and the solvent was evaporated on a water bath maintained at 60 o C. Finally, the methyl esters of fatty acids were dissolved in pure chloroform, and aliquots of this solution were subjected to gas liquid chromatography (GLC) by using Pye Unicam-Pro-GC equipped with a dual flame ionization detector. Acid methyl esters were fractionated using a coiled glass column (1.5 m × 4 mm), packed with diatomite C (100-120 mesh), and coated with 10% polyethylene glycol adipate (PEGA). The column oven temperature increase was programmed at 8 o C/min from 70 to 190 o C, then isothermally at 190 o C for 45 min. The carrier gas was nitrogen with 30 ml/min flow rate. Temperatures were 300 and 280 o C for the detector and the injector, respectively. Fatty acid contents were calculated from chromatogram peak areas and expressed as percentage (w/w) of the total fatty acids.
Statistical analysis of the data
Linear correlation coefficient was calculated to evaluate the degree of association between frequencies of the isolated fungi and the percentage of each fatty acid.
Stepwise regression with the greatest increase in R 2 as the decision criterion was used to describe the effect of fatty acids on frequencies of the isolated fungi. Correlation and regression analyses were performed by SPSS software.
RESULTS
The mean percentage of fungal recovery from cottonseed (Table 1) showed that R. stolonifer (39.7%), A. niger (33.5%), and Penicillium sp. (23.3%), were the most predominant fungi isolated from the non-sterilized cottonseed. Other fungi occurred at frequencies that ranged from 0.3 to 17.7%. A total of 10 fungal species were identified among the 12 genotypes that were tested (Table 1) . No single genotype yielded all the 10 species. Genotype 488/2000 yielded as many as 8 species, while genotypes 514/2000 and Giza 74 yielded only 4 species. The other genotypes yielded 5 to 7 species. R. stolonifer was the only fungus isolated from all the tested genotypes.
GLC analysis of fatty acid composition of cottonseed (Table 2) revealed the presence of 8 saturated and 3 unsaturated fatty acids. Palmitic acid was the only fatty acid detected in all the genotypes. No single genotype contained all the fatty acids. The total mean percentage of the saturated fatty acids was 59.11%, while that of the unsaturated fatty acids was 16.72%. Of the saturated fatty acids, palmitic (24.71%), margaric (11.63%), and stearic (16.40%) were predominant, while oleic acid (15.48%) was the dominant unsaturated fatty acid in cottonseed oil.
Of the 13 significant r values shown in Table 3 , as many as 11 (84.6%) were positive, while only 2 (15.4%) were negative. Isolation frequencies of Alternaria alternata (Y 1 ), Aspergillus flavus (Y 2 ), and A. niger (Y 3 ) were not significantly correlated with the content of any fatty acid, while the isolation frequency of each of the other fungi was significantly correlated with the content of 1-2 fatty acids. Cladosporium sp. (Y 5 ) was a notable exception because its isolation frequency was significantly correlated with the contents of 4 fatty acids (Table 3) .
Levels of fatty acids were significantly correlated with the isolation frequencies of 1-2 fungal species, except palmitic acid content, which was significantly correlated with the isolation frequency of 3 species: Cladosporium sp. (Y 5 ), F. oxysporum (Y 6 ), and R. stolonifer (Y 8 ).
Data for frequencies of the isolated fungi and contents of fatty acids were subjected to a computerized stepwise multiple regression analysis. The analysis constructed a predictive model by adding predictors (in this case: fatty acids) to the model, in the order of their contribution to R 2 . The analysis was effective in eliminating those factors with little or no predictive value, by incorporating into the model only the factors that made a statistically significant contribution to the R 2 value of the model (PODLEcKIS et al. 1984) . Using the predictors supplied by stepwise regression, 8 models were constructed (Tables 4 and 5) . R 2 values of the regression models ranged from 27.80 to 95.94%. Margaric acid (X 7 ) and linolenic acid (X 11 ) were included in 3 models each, while caprylic acid (X 2 ), myristic acid (X 5 ), and linoleic acid (X 10 ) were included in 2 models each. Each of the remaining fatty acids was included in only one model. Table 4 . Stepwise regression models that describe the effect of fatty acid content (X s ) of seeds from 12 cotton genotypes on frequencies of fungi isolated from these genotypes
Species
Stepwise linear regression model R Fatty acids: X 1 = caproic; X 2 = caprylic; X 3 = capric; X 4 = lauric; X 5 = myristic; X 6 = palmitic; X 7 = margaric; X 8 = stearic; X 9 = oleic; X 10 = linoleic; X 11 = linolenic. N/A = no regression model could be constructed.Significance of F-values: p < 0.10 (x); p < 0.05 (*); p < 0.005 (***).
DISCUSSION
The predominance of Aspergillus niger over the other fungi isolated from cottonseed, except Rhizopus stolonifer, is consistent with the findings of SIMPSON et al. (1973) who reported that A. niger was a predominant fungus at several locations in their study, infecting up to 23% of the seeds. R. stolonifer and Penicillium sp. are among the fungi involved in cotton boll rot and may cause deterioration in fibre qual- Table 5 . Identification of the predictors (fatty acid contents) included in stepwise regression models shown in Table 4 , and their contributions (%) to the total variation in frequencies of the isolated fungi Fungus and predictor Predictor symbol Contribution to total variation (%) ity under favourable environmental conditions (ABDEL-REHIM et al.1993) . Cladosporium sp. is involved in sooty mould of cotton (ZAYED 1997) . Alternaria has been reported as a predominant member of the mycoflora of cottonseed by DAvIS (1977) . However, Alternaria was listed as an infrequent fungus by RONcADORI et al. (1971) , and was present in more than 10% of the seeds from only one location in the study of SIMPSON et al. (1973) . KLIcH (1986) found A. alternata in more than 10% of the seeds. In the present study, A. alternata was found in 1.1% of the seeds. Generally, Fusarium spp. were major components of the fungal flora in earlier studies (SIMPSON et al. 1973 , RONcADORI et al. 1971 . In the present study, F. oxysporum was found in 0.3% of the seeds.
The predominance of saturated fatty acids in cottonseed oil, as we have demonstrated herein, is in agreement with the results of SALUNKHE et al.(1992) who reported that cottonseed oil contained higher proportions of saturated fatty acids (24.6%) as compared with soybean oil (14.7%) and canola oil (6.1%).
In the present study, associations among fatty acids and fungi isolated from cottonseed were identified, and the relative strength of these associations was measured by calculating Pearson's correlation coefficient (r). However, one should keep in mind that the significant r values should be interpreted with caution (gOMEZ &gOMEZ 1984) because the existence of a process may not be proved by the existence of a pattern (NELSON & cAMPBELL 1992) . In other words, the significant positive or negative r value does not necessarily prove that fatty acids are beneficial or detrimental to fungi. Thus, the primary utility of correlation analysis was to identify the potentially interactive pairs of fatty acids and fungi. The interpretation of the nature of such interactions requires information about the metabolic pathways of fungi and biological activities of fatty acids. In spite of these limitations, certain general conclusions could be drawn. The positive r value may indicate that fatty acids had stimulatory effects on the growth and sporulation of cottonseed fungi. On the other hand, the negative r value could be attributed to inhibitory activities of fatty acids. These causal relationships between fatty acids and seed-borne fungi are consistent with biological expectations. For example, fatty acids have been shown to be growth stimulants and a carbon source for Phytophthora parasitica var. nicotianae (HENDRIX &APPLE 1964) . Volatile peroxidation products of the fatty acids, e.g. 2,4-hexadienal, may stimulate spore germination of Alternaria alternata (HARMAN et al. 1978 (HARMAN et al. , 1980 . Linoleic acid and plant-derived linoleic acid derivatives have specific effects on the development of Aspergillus spp., which are likely to be important for the ability of this pathogen to colonize peanut seed. These effects include the induction of increased sporulation in A. flavus and A. parasiticus, and altered sclerotium production in A. flavus (cALvO et al. 1999 (cALvO et al. , 2001 ). On the other hand, the antifungal activities of fatty acids could be attributed to fungal membrane disruption (AvIS & BéLANgER 2001; BERgSSONet al.2001) or interference with fungal sphingolipid biosynthesis (LI et al. 2003) .
Isolation frequencies of A. flavus and A. niger were not significantly correlated with any fatty acid. This lack of correlations in addition to the inability to generate regression models for the 2 fungi were surprising because linoleic acid, as previously mentioned, induces sporulation of Aspergillus spp. (cALvO et al. 1999 (cALvO et al. , 2001 . No immediate biological explanation is available for the discrepancy between our results and those of cALvO et al. (1999, 2001) . On the other hand, the significant positive correlation (r = 0.530, p < 0.10) between linolenic acid and isolation frequency of Aspergillus sp. was in agreement with the results of WILSON et al. (2004) , who reported that an Aspergillus mutant unable to produce linolenic acid demonstrated delayed spore germination, reduced growth, a reduced level of sporulation, and a complete loss of sclerotial development, as compared with the wild type. Colonization of peanut seed by the mutant was lower than in the wild type.
R 2 values of the regression models ranged from 27.80 to 95.94%. Obviously, the larger the R 2 value is, the stronger is the fungus response to fatty acids. The isolated fungi can be grouped into 5 categories based on their sensitivity to changes in total fatty acid content. The first category includes the insensitive fungi A. flavus and A. niger, where no regression models could be constructed. The second category comprises the slightly sensitive Penicillium sp., which has the smallest R 2 value (27.80% .62%, respectively. However, these 2 species showed contradictory responses to the fatty acids. An increase in the isolation frequency of Cladosporium sp. was associated with increasing fatty acid contents, while an increase in the isolation frequency of R. stolonifer was associated with decreasing fatty acid contents. Thus, fatty acids were stimulatory to Cladosporium sp. while they were inhibitory to R. stolonifer.
In conclusion, results of the present study suggest that certain fatty acids regulate the colonization of cottonseed by fungi, and that these pathogens may be controlled by modifying the fatty acid composition and content of the seed.
